Abstract
Results
The temporal course was perturbed mainly in the more affected hand of children with UCP when compared to TD children because the increases in GF and LF onset occurred in a reversed order. Compared with the TD controls, the children with UCP presented higher LF values on both hands and a higher GF on the less affected hand. In children with UCP, the GF to LF adaptation was adequate on the less affected hand but overestimated on the more affected hand. Furthermore, children with UCP presented a lower MVC in the more affected hand, leading to a higher percentage of MVC used during the task.
Interpretation
Our findings highlight an anticipatory control of precision grip during a stepping down task in children with UCP that is adequate for the less affected hand but altered for the more affected hand. PLOS 
Introduction
Children with unilateral cerebral palsy (UCP) present one-sided motor impairments. They are usually able to walk independently [1] , but have difficulties performing daily activities with their upper extremities [2] . Children with UCP generally have impairments in their precision grip, which is needed to pick up small objects between the thumb and index finger [2] [3] [4] . Precision grip requires good coordination between the grip force (GF), which is perpendicular to the object's grip surface, and the tangential load force (LF). It keeps the object from slipping and prevents early muscle fatigue [5] . This coordination results from: 1) predictions of movement that allow a person to generate an adequate GF based on sensorimotor information (feedforward system) [6] [7] [8] [9] [10] , and 2) the ability to update these predictions through reactive mechanisms that allow for correction based on actual movements (feedback system) [6, [10] [11] [12] [13] . This coordination is not innate [5, 7] . In typically developing (TD) infants, fingertip force coordination relies mainly on reactive mechanisms [5] , which develop during childhood to a predictive mechanism that is considered mature at age 6-8 years [5, 14] . Children with UCP present a lack of coordination between LF and GF and display a precision grip pattern of movement similar to that of young TD children around the age of 2 with immature prehension [3, 4, [13] [14] [15] [16] [17] [18] [19] .
In addition to the adaptations required to regulate GF and LF coordination during smooth movements, specific mechanisms are required when a brisk change in load is generated (e.g., a brisk collision on a handheld object in a sitting position). In such situations, adults [6] and TD children generate an increase in GF that anticipates the brisk increase in load. This increased GF reaches a maximal value after the brisk change, allowing the collision to be dampened and the grasp to be secured, consecutively. When object manipulation is perturbed by a brisk load increase generated by the drop of a mass, children with UCP are able to anticipate this perturbation with their less affected hand, but display impaired anticipation with their more affected hand [20] . The delay between impact to maximal GF is longer and more variable for the more affected hand of children with UCP, suggesting deficits in the anticipation of such dynamic perturbations [20] .
In everyday life, brisk load changes are more likely to be induced by the lower extremities than while in a seated position, as reported by previous studies [21] [22] [23] and thus, it is likely that smooth movements needed to adapt precision grip become more challenging due to an increase in the degrees of freedom [24] . Load changes could be generated on the upper extremities either in a dynamic cyclic situation such as walking while transporting an object or in dynamic discrete events such as stepping over an obstacle or descending a single step while transporting an object. Prabhu et al. (2011) [21] investigated the coordination of fingertip forces while walking. In typically developing individuals, the GF was well timed to the LF and modulated in a sinusoidal way due to gait-related events. In children with UCP they observed a difference between hands, suggesting the presence of impairments in the coordination of the forces associated with the grasp and the locomotion in the more affected hand. In a discrete task of walking down a step, healthy adults are able to adapt their precision grip to a brisk load change induced by the lower extremities by regulating the forces providing an ideal GF to dampen the LF increase and secure the object in hand [25] . It is unknown whether such adaptation of fingertip forces is present in the more or less affected hand of children with UCP while a brisk load increase is induced on a handheld object by walking down a step. This is of interest due to the amount of everyday life activities that are performed requiring the combined use of upper and lower extremities, such as picking food from a fridge, picking objects from the ground or getting into/out of a car.
The aim of this study was to assess the grip-lift coupling in children with UCP during an intersegmental discrete task of walking down a step with a handheld object. These results were compared with those from a cohort of TD children. We hypothesized that children with UCP would be able to manage the task, but that anticipatory motor control would be impaired for the more affected hand, whereas it would be preserved in the less affected hand.
Methods

Participants
A total of 50 children participated in this study, including 25 children with UCP (mean age 9 years 3 months (SD = 1 year 8 months; range 6-12 years; 17 girls). They presented either a right (n = 15) or a left (n = 10) hemiparesis and were classified as levels I (n = 3), II (n = 21) or III (n = 1) according to the Manual Ability Classification System [26] , and as levels I (n = 13) or II (n = 12) on the Gross Motor Function Classification System [27] . They were contacted from a cerebral palsy (CP) reference center and had participated or were interested in participating in an intensive intervention study [28] . Children were included if they met the following criteria: (a) age 6 to 13 years old, (b) were able to walk with a handheld object without dropping it, (c) were at a school level equal to that of their TD peers, (d) were able to follow instructions, and (e) had a documented lower extremity impairment in a medical examination. Children were excluded if they: (a) presented uncontrolled seizures, (b) had botulinum toxin injections or orthopedic surgery within the previous 12 months or planned to undergo either procedure within the study period, or (c) had visual problems likely to interfere with testing. Each child with UCP was age-matched with a TD child (mean age 9 years 4 months; SD = 2 years 1 month), recruited from Belgian schools, to avoid bias linked to age-effect.
This study was approved by the ethical committee of the Université catholique de Louvain. Children and caregivers provided their written informed consent to participate in the study.
Experimental setup
The instruments included a wooden step (16.5×61×30 cm), and a grip-lift Manipulandum [25] (Arsalis) with a mass of 220 g and width of 30 mm (Fig 1) . The Manipulandum was used to measure the grip force (GF, perpendicular to the object in hand) and the load force (LF, tangential to the object in hand). The calculations were made based on three orthogonal force components (Fx, Fy, and Fz) measured by two (left and right) three-dimensional mini-40 force and torque sensors (ATI Industrial Automation, Apex, NC, USA). The Fx, Fy, and Fz sensing ranges were 40, 40, and 120 N, with 0.002, 0.002, and 0.006 N resolutions, respectively. LF was calculated as LF = LF right + LF left , where
for each sensor (i = right, left). GF was calculated as GF ¼ , where r and l correspond to the right and left sensors, respectively. The signals from the sensors were acquired at a sampling frequency of 800 Hz and were digitized online using the Grip-lift Manipulandum-Box signal conditioner (Arsalis, Belgium). The signal data were registered and transferred to a portable computer allowing for later offline analysis.
Procedure and experimental protocol
Before beginning the experiment, the children were asked to wash and dry their hands. Next, the task was explained to each child. While standing on the step, each child was asked to grasp the Manipulandum with precision grip (Fig 1) . The child held the Manipulandum upright and oriented forward with the elbow flexed at 90˚. Then the child was asked to go down the step in a spontaneous manner and to maintain a static bipedal ending position. The task was performed five times with each hand, starting always with the less affected/dominant hand. Each child performed 10 trials.
In addition, the maximum voluntary contraction (MVC) of the GF exerted was measured in a static standing position. At the end of the acquisition procedure, each child grasped the Manipulandum with his or her elbow flexed at 90˚as hard as possible for 3 to 5 seconds with each hand. The mean MVC was calculated from three trials.
Acquisition and data analysis
The temporal course of the task is displayed in Fig 2. We determined the t 0 moment when the LF value just passed under the weight of the Manipulandum, indicating the start of the downward movement (Fig 2, vertical line) . After t 0 , the LF and GF decreased during the downward movement, reaching the minimal load force (LF min ) and minimal grip force (GF min ) (Fig 2, circles labeled a and b). Then, the LF and GF started to increase, reaching the maximal load force (LF max ) and maximal grip force (GF max ) (Fig 2, circles labeled c and d). After these peaks, the LF and GF decreased. From these four temporal events (LF min , GF min , LF max , and GF max ), we defined the following four temporal variables: LF min to GF min (Fig 2A and 2B) , LF min to LF max (Fig 2A-2C ), GF min to LF max (Fig 2B and 2C ) and LF max to GF max (Fig 2C and  2D ). The GF and LF amplitudes were also measured at the four events, resulting in eight dynamic variables. Furthermore, the ability to scale the GF to the LF (GF/LF ratio) was also calculated at each event. Data analysis was performed using MATLAB R2007b to avoid human bias.
Statistics
A one-way repeated measures analysis of variance (ANOVA RM ) was used across trials to test whether a training effect was observed on the dependent variables. As no training effect was observed (all p>0.05), the subsequent analyses were conducted considering the mean values of all trials for each subject (n = 50). An ANOVA RM was also conducted to compare the four conditions, namely, the more affected hand and less affected hand of children with UCP and the nondominant hand and dominant hand of the controls. The post-hoc analysis was performed using Holm-Sidak pairwise comparisons between the conditions. An adjustment of the alpha level of significance was performed for pairwise multiple comparisons. 
Results
Representative traces for both hands of the TD children and children with UCP are displayed in Fig 2 (single trials) . After t 0 , the LF and the GF reached their minimum values, with the LF min (Fig 2A) occurring first followed by the GF min (Fig 2B) . Consecutively, the forces reached their maximum values, with the LF max first followed by the GF max (Fig 2C and 2D , respectively). In children with UCP, the less affected hand presented a temporal course similar to that of TD children (Fig 2A-2D) . In contrast, the more affected hand presented a temporal shift in the force minima: the GF reached its minimum (Fig 2B) before the LF (Fig 2A) . In the representative traces, the GF and LF were higher for both hands of the children with UCP compared to the TD children.
Statistical comparisons of the four conditions (more affected hand, less affected hand, nondominant hand, and dominant hand) were performed for the different variables. We systematically performed the following post-hoc analyses and compared both hands of children with UCP (more affected vs. less affected), both hands of TD children (nondominant vs. dominant), nondominant hands between the two groups of children (more affected vs. nondominant), and dominant hands between the two groups (less affected vs. dominant).
For the temporal variables, a difference between conditions was only observed in the delay between LF min and GF min (p = 0.038, see Table 1 ). Post-hoc analysis showed differences in this delay between the more affected hand of children with UCP and the nondominant hand of TD children (p = 0.009, Fig 3A) , where the more affected hand showed negative mean values. This result indicates a shift in the temporal course of the more affected hand in children with UCP because the GF reached its minimum before the LF (Fig 2) .
Differences were observed in the LF amplitudes among the conditions at the different temporal events (all p<0.001, Table 1 ). Post-hoc comparisons showed that children with UCP had systematically higher LF values on the less affected hand when compared to the dominant hand of controls (all p<0.001, see Fig 4A) . Higher LF values were also observed on the more affected hand of children with UCP when compared to the nondominant of controls, with significant differences at the LF max and GF max . Finally, a significant difference was noted in LF amplitudes between the two hands of children with UCP at almost all events, with higher LF levels for the less affected hand than for the more affected. No difference was observed in the LF values between the two hands of the TD children (all p!0.845).
In addition, differences were observed for the GF amplitude among the conditions for almost all of the temporal events (all p 0.025), except for the GF min (p = 0.053; Table 1 ). Posthoc comparisons showed that children with UCP presented higher GF values on the less affected hand when compared to the dominant hand of controls at LF max and at GF max (see Fig 4B) . The children with UCP also presented higher GF values on the more affected hand when compared to the nondominant of controls, although these differences were not significant after the alpha level was adjusted (Table 1) . No differences were observed in the GF amplitudes between the two hands of children with UCP (all p!0.278) or between the two hands of TD children (all p!0.593).
A difference was observed in the GF/LF ratio among the conditions at LF min (p<0.001) and GF max (p = 0.025). Post-hoc comparisons showed higher GF/LF ratios at LF min for the more affected hand of children with UCP when compared to either the nondominant hand of controls (p<0.001, see Fig 4C) or the less affected hand (p = 0.003). We found no significant difference among the conditions at GF max in the post-hoc analysis after the alpha level of significance was adjusted.
We observed differences in the MVC among the conditions (p<0.001, Table 2 ). Post-hoc comparisons showed that children with UCP had systematically lower MVC values for the more affected hand when compared to the nondominant of controls or the less affected hand (all p<0.001).
Systematic differences were observed among the conditions in the percentage of MVC (% MVC) used for GF for all of the temporal events (p<0.001). Post-hoc comparisons showed that children with UCP had systematically higher %MVC values for GF for the more affected hand when compared to the nondominant hand of controls (all p<0.001). Children with UCP also presented higher %MVC values for the less affected hand when compared to the dominant Significant differences are presented in bold a, nonsignificant difference when the alpha level was adjusted using the Holm-Sidak multiple comparison method.
https://doi.org/10.1371/journal.pone.0191684.t001 hand of controls at GF max . Finally, there were differences between the two hands of children with UCP at almost all events, with a higher %MVC in the more affected hand (all p 0.017).
Discussion
In this study, we aimed to assess the motor control of precision grip in children with UCP while they walked down a step. Our hypothesis that children with UCP would show impaired anticipation control was partially supported because the temporal course was only perturbed for the more affected hand at the start of the task. Higher LF values were observed for all temporal events in both hands of children with UCP compared to the controls. Higher GF values were also observed in the less affected hand during the maximum load increase in children with UCP, although the GF/LF ratio was similar to controls. Conversely, in the more affected hand, the GF/LF ratio was higher than in the controls at the onset of the load increase. Furthermore, in the more affected hand, children with UCP had lower MVCs leading to a higher % MVC during the task than the other conditions. In this study, the TD children presented an early coupling of the GF and LF while walking down the step. Similarly to adults [25] , during the initial downward movement of the body from the step, children first showed a parallel decrease in the forces to their minima. Subsequently, an increase in the LF was followed shortly by an increase in the GF, which corresponded to an upward movement of the arm [25] . This early coupling was present but displayed a shift in the more affected hand of children with UCP; the GF increase was observed before the LF increase. This temporal perturbation may rely on processes similar to those involved at the start of a grip-lift task. The preload phase, which is the time between the GF and LF onset, was increased in children with UCP when compared to TD children [14] . This result was interpreted as a strategy to integrate more tactile feedback to adapt the GF and avoid slips [14] .
From their minima, the GF and LF increased progressively in parallel, anticipating the brisk force change during the maximal charge of the body weight (at LF max ), the moment when the object is most likely to slip. The anticipatory increases in LF and GF started at 207.9ms (mean time in children with UCP) and 231.9ms (mean time for TD children) before LF max . These values closely match previous observations in adults performing the same task (approximately 220ms [25] ). In tasks performed in a seated position, comparable delays have been described in predictive control of GF/LF during brisk load increases induced directly on a handheld object, with GF peaks arising 280ms after the brisk load increase [6] . Thus, it seems that brisk load changes induced by the lower extremities are integrated and anticipated in similar ways to those induced directly on the object. In both experiments, children with UCP have the ability to adapt the anticipatory timing adequately.
Children with UCP presented higher LF and GF values than the TD children. These results are in agreement with previous studies of grip-lift tasks in children with UCP [4] . The LF increased in both hands of children with UCP, suggesting that there were larger vertical displacements of the handheld object [6, 25] . In the less affected hand, the GF increased as an efficient adaptation to the higher LF as the GF/LF ratio was similar to that of controls. In the more affected hand, this ratio was also similar to controls except at LF min (descent from the step), when GF was overestimated leading to a higher GF/LF ratio. The higher GF values in children with UCP may be an adaptation to generate GF/LF ratios similar to TD children, suggesting that there is anticipatory control in both hands [20, 21] . However, the overestimation of GF at LF min may be explained by less modulation of the forces and a calibration based on the maximal constraint. This overestimation of GF has been demonstrated previously in griplift tasks [14, 15] and is proposed to compensate for a deficit in feedback integration in the anticipatory control of a task. This anticipatory control has been associated with internal modelling [29] , which generates a prediction of the action based on the sensory information previously stored (e.g., proprioception) and on the efference copy of a motor command allowing for movement correction [30] . A significantly lower MVC was observed for the more affected hand of children with UCP compared with the less affected and with both hands of TD children. Nevertheless, children with UCP developed higher GF values, leading to higher %MVCs in the more affected hand. At LF max , over 50% of the MVC was used in the more affected hand, while less than 14% of the MVC was developed in both hands of TD children. This high %MVC likely tires children with UCP. In the literature, the use of a 20% MVC is described as a low intensity contraction in hand muscles, whereas an MVC over 50% is considered to be a high intensity contraction [31] . Previously, the use of a high %MVC (over 50%) has been reported for the affected hands of children with CP in low-load tasks [14, 20, 32] . These observations on the %MVC show that for the more affected hand, children with UCP have a double disadvantage. First, they have difficulty in scaling the forces, probably due to a lack of feedback integration and a higher GF than needed for the task. Second, they have a lower MVC. These alterations may lead to early fatigue and an inability to transport objects in optimal or comfortable manners.
The present study aimed to observe the fingertip force coordination during a discrete task of walking down a step, which is very common in daily life e.g., step off the sidewalk while carrying an object. Unexpectedly, regarding previous results observed during walking while carrying an object, we did not find a desynchronization of the peak of the forces in the more affected hand of children with UCP [21] . Indeed, while walking, Prabhu et al. observed that children with UCP presented impairments in fingertip forces control in the more affected hand resulting in a desynchronization of GF and LF at their peaks, shortly after the contact of the foot on the ground, at the peak of gait's perturbation. They proposed that a lateralized sensorimotor integration impairment underlies the altered synchronization observed in their results. In our study, though subtle timing differences were observed at the onset of LF increase in the more affected hand, the timing of forces was preserved at the forces peak, during the maximum increase in load. The difference between our results and those of Prabhu et al. may be related, at least in part, to the different neural basis while performing cyclic or discrete movements [33, 34] . Discrete movements require more cortical and subcortical involvement than cyclic movements: in addition to the primary motor areas-active during cyclic movements-the planning and performance of discrete tasks require the activation of prefrontal and parietal areas as well as the cerebellum [33] [34] [35] . It is thus likely that the different control loops of the movement-either discrete or cyclic-are affected in a different way during upper and lower extremity coordination in children with UCP, cyclic tasks presenting more timing impairments. This is in line with previous observations on the coordination pattern of upper and lower extremity during gait without object manipulation: the cyclic arm swing accompanying gait is disrupted in children with UCP while walking at self-selected speed [36] . It is also likely that the manipulation with the more affected hand in our discrete task have been advantaged by a bilateral transfer: the task was performed first with the less affected hand and then with the more affected hand which may have allowed a positive effector-specificity skill transfer [21] .
However, though the discrete task used here was unexpectedly well timed, like in cyclic movements, this task highlighted specific deficits lateralized in the more affected upper extremity, reinforcing the hypothesis of a lateralized sensorimotor integration impairment underlying the altered coordination of the forces.
Differences in the load forces might be due to an altered upper and lower extremity coordination like that observed during gait in children with UCP [21] . However, though an increase in the GL/LF ratio was observed while walking compared to a standing position, no difference in LF was reported in the more or less affected hand [21] . These results suggest no major alteration on forces during gait with object transport and are thus not likely the basis of the results observed here. However, data from gait with object transport also demonstrated strategy differences between the more and the less affected hand. The authors suggested an overall increase of the GF/LF ratio related to a less ability to adapt the GF in the more affected hand only, with a lateralized deficit in movement planning [21] . This suggestion is congruent with a lack of update of motor command due to alerted tactile/proprioceptive feedbacks in the more affected hand [18, 20, 37] . Increases in ratios in the present study may actually reflect the attempts of children to aid grip control regarding their diminished ability to integrate the different components of movement. The higher LF observed during the task might be related either to a larger arm movement during the task or to a stronger impact while going down the step.
Our results contribute to a better understanding of the precision grip forces in dynamic conditions, matching everyday life requirements. Specifically, these results provide more insights regarding discrete tasks involving the coordination of upper and lower extremities, different from the gait but also very common in daily life. The ability to manage the task, but the high amount of forces needed in children with UCP, suggests that the coordination of upper and lower extremities might be of interest to introduce in rehabilitation programs dedicated to these children. A recent intensive rehabilitation process has focused on this coordination and has demonstrated to be useful for improving both upper and lower extremities abilities [28, 38] . A coordination task, like the stair step task proposed in this study, might also be used to assess changes in the upper/lower extremities coordination before and after such interventions to define if the coordination per se is modified by the training.
Limitations
Although the children in this study were age-matched, gender, weight, or height may have an effect on the regulation of fingertip forces during the task. This study focused on transport of a handheld object with one hand or the other. In everyday life, it is likely that children with UCP favor transporting objects using both hands. The coordination of both hands during such a task was not measured in this study.
Conclusion
Children with UCP presented higher load and grip forces on both hands. However, the GF was well scaled to the LF for both hands, except for the more affected hand at the start of the task when an overestimation was observed. These findings highlight an anticipatory control in children with UCP, which is adequate on the less affected hand but slightly altered on the more affected hand, probably due to a deficit in feedback integration. In addition, a decreased ability to develop forces in the more affected hand was observed. This altered force scaling and force generation may lead to early fatigue and consequently limit daily life activities. Regarding the specific strategies developed by children with UCP to manage a task requiring the coordination of upper and lower extremities-notably the use of a high force percentage-we suggest that these children might benefit from therapies targeting this coordination. A potential training allowing the use of a lower percentage of force might have a positive impact on the activity level and the autonomy of these children since these coordination tasks are very common in everyday life.
Author Contributions
Conceptualization: Daniela Ebner-Karestinos, Carlyne Arnould, Jean-Louis Thonnard, Yannick Bleyenheuft. 
